Abstract
Introduction
surface profile of the substrate [13] [14] . In turn, the peeling force derived in analytical peeling 1 models is related to the variation of the difference between adhesive energy and total potential 2 energy, which describes the micro scale physics of interface failure. 3 With current progress in mimicking natural adhesives, the understanding of peeling mechanisms 4 and the derivation of adhesion optimization criteria become essential. To design optimal solutions, 5 adequate numerical tools taking account of all mechanical mechanisms are required, and thus 6 reliable models need to be developed. One of the main drawbacks of current models and of 7 Kendall's formulation in particular, is that they do not account for the dependence of the adhesive 8 force on substrate properties, i.e. the substrate is considered perfectly flat, perfectly smooth and 9 infinitely rigid. However, outstanding adhesive properties of animal attachment systems also 10 appear in the presence of variable substrate compliance, roughness, or of structured surfaces [15] .
11
These essential features should therefore also be included in models, especially in the case of soft 12 substrate materials. 13 Persson et al. [16] [17] presented a theoretical study on the influence of surface roughness 14 occurring at various size scales on the adhesive properties of biological adhesives, showing that a 15 hierarchical fibrillar structure is essential in guaranteeing sufficient adaptability to the surface. 16 Peng et al. proposed an analytical model to describe the effect of roughness on an elastic nanofilm, 17 linking its adhesion to the "wavelength" of the roughness profile [18] . Huber et al. [19] and Cañas 18 et al. [20] presented experimental studies on the effect of surface roughness on artificial adhesives 19 with spatula-or mushroom-shaped tips, including qualitative analysis of the assumed mechanisms 20 for adhesion enhancement for varying asperity size scales. The issue of roughness as a cause for 21 partial contact was addressed in [21] , where the JKR theory was extended to account for energy 22 released during rippling. A review of these and other modelling approaches related to the influence 23 of toughness are provided in [22] . However, in these works, the effect of roughness or surface 1 patterning on adhesive strength is not explicitly correlated to the dimension of the process zone, 2 i.e. the size scale at which stress concentrations occur in peeling processes. 3 In this paper, we adopt a different approach to address the issue of surface roughness and 4 patterning, adding analysis of the influence of substrate curvature and compliance, with the 5 objective of better understanding the role of the substrate on the peeling behaviour of adhesives. 6 We therefore present a novel computational approach to model the so-called process zone of 7 peeling, which is the area where the interface between adhesive and substrate is subject to stresses, results from classical peeling theories and several aspects of the interface/substrate are discussed. 1 We consider a problem of dry adhesion of a contact unit on a substrate. The mechanics of its 2 detachment, illustrated in Figure 1 .A, is analogous to the problem of a propagating crack front in 3 an adhesive interface. A classical energetic approach such as Kendall's model [10] provides a 4 macro-scale description of this mechanism, and is the reference model in the study of biological 5 adhesion. The progression of the peeling front becomes energetically favourable, and therefore 6 occurs if:
Analytical modelling of the process zone
where is the work associated with the external load applied to the tape, the stored elastic 8 energy in the tape, the surface energy and the detached tape length, which increases as the 9 peeling proceeds. When delamination occurs, the dissipated energy per unit detached surface area, 
where is the tape width. According to Kendall's theory, this corresponds to:
where is the applied load at the detached tape end, the tape thickness, the tape elastic modulus 14 and the angle between the applied load and the substrate (Figure 1.A) . The critical peeling force
15
FC therefore becomes:
Another approach in the study of adhesion and delamination is to determine the loading state of 2 the interface, assuming a thin adhesive layer bonding the tape and the substrate [24] . In this 3 formulation, a finite-length region exists in the vicinity of the propagating delamination front, 4 referred to as the process zone, in which deformations in both the tape and the interface take place 5 [25] . Considering a simple loading scenario where the applied external load is parallel to the 6 substrate at  = 0, the force balance acting on the attached region, according to the shear lag model
7
[26], can be written as:
where d is the infinitesimal variation of the tape axial stress over an infinitesimal length d and is the shear stress in the interface layer, which is assumed initially to be a linear function of the 10 axial displacement within the tape and the interfacial stiffness (in the tangential direction):
Introducing the tape strain = d /d = / , after differentiation of Eq. (5), we obtain:
This equation is solved applying the boundary conditions ( = 0) = /( ) and supposing that 13 the attached length la of the tape is sufficiently long for the tape axial stress to tend to zero at its 14 edge ( → − ) = 0. In this case, we obtain the following distribution of interfacial stress:
In correspondence with the peeling line at = 0, the interfacial stress is maximum and failure of 1 the adhesive bond occurs when its elastic energy reaches the critical value:
This equation also provides the relation between interface stress distribution and detachment force. have investigated the influence of bending stiffness on the peeling behaviour of thin films [27] . In 6 the present paper, we consider this to be negligible, and tape thickness values will be chosen 7 accordingly.
8
When the peeling angle differs from 0, the adhesive bonds experience both tangential and normal 9 loads, whose distributions influence the external force at which the system detaches. The interface 10 is therefore subject to a mixed-mode fracture mechanism with an opening mode (mode-I) and a
11
sliding mode (mode-II). For small peeling angles, the mode-II strain energy release rate GII can be 12 approximated by solving Eq. (7) with the boundary condition ( = 0) = cos , leading to:
The mode-I strain energy release is estimated injecting Eq. (10) 
Numerical model and results

2
We propose here a numerical model to determine both tangential and normal stress distributions fact that with the chosen parameters, the bending stiffness is negligible.
17
In the numerical model, the mode I and mode II strain energy release rates are computed from the 18 displacement field at the most critical adhesive bond (in correspondence with the peeling line) as
The dependence of and on the peeling angle , calculated both analytically and numerically, 1 is shown in Figure 2 .C. There is a good agreement between analytical and numerical results, but 2 for large peeling angles, rigid body motions of the tape and large adhesive bond deformations 3 within the process zone affect the interfacial stress distribution and lead to a discrepancy between 4 the two.
5
We now introduce a local energy-based failure criterion, i.e. a critical strain energy release rate GC 6 for the interface bonds, beyond which detachment occurs, as:
The corresponding peeling force as a function of the peeling angle calculated numerically agrees 
 Exponential:
The input parameters for each of these laws must satisfy the following condition:
When the peeling force is reached, the load distribution at the interface ∆ changes 7 considerably as a function of the chosen traction-separation law, as shown in Figure 4 .A (for = 8 π 8 ⁄ and = 0.5 MPa·mm).
9
The applied force versus force application point displacement obtained for a peeling test, i.e.
10
when the system is loaded until complete detachment of the tape, is shown in Figure 4 .B for an 11 exponential traction-separation law and = π 8 ⁄ , highlighting an "elasto-plastic" behaviour.
12
When the applied load is below the peeling force (points a and b), the elastic energy in the interface 4. Influence of substrate geometrical features 5 We now study the influence of several characteristics of the substrate on the peeling force using 
Substrate roughness and patterning
10
An imperfect contact between the tape and the substrate, as a result of surface roughness, can be is then distributed on the surviving ones, driving the peeling force.
5
Another important effect related to the substrate morphological properties is the possible presence shown in Figure 6 .B. Here, the maximum peeling force for the considered structure is normalized 
Substrate curvature 3
In [14] , the ability of the gecko's lamellar system to adapt to wavy surfaces was studied.
4
Specifically the influence of substrates characterized by a sinusoidal profile on the shear adhesion 5 strength was considered. Depending on the amplitude and the wavelength of the considered surface 6 profile, the hierarchical adhesive pad of gecko performs a full or a partial contact with the substrate.
7
When partial contact is achieved, the problem is similar to that discussed in the previous section, affected. Figure 7 shows the peeling force, normalized with respect to the peeling force on a flat is not constant during propagation of the peeling front, contrary to the case for a flat surface. This
21
is illustrated in Figure 7 .C, where the force tends to increase for convex surfaces, and decrease for 22 concave surfaces. When the contacts are split, the adhesive strength is the result of simultaneous delamination of multiple tapes [25] , as is the case for animal hairy attachments, and the decrease 1 in local angles at different hierarchical scales could help in optimizing the total peeling force. criterion is still applied to the interface bonds when the system is loaded, in the hypothesis that no 12 failure events take place within the substrate. Figure 8 shows, for a uniform adhesive energy, the 13 peeling force as a function of the ratio between the interface and the substrate stiffness. A more 14 compliant substrate generates a higher peeling force, which tends to the theoretical value of Eq. are not assumed to vary in our model. Further details regarding the implementation of the numerical model are provided below. For the 10 tape elements linking two nodes i and j of the model, mechanical equilibrium is implemented using 11 co-rotational truss formulation [34] . The material and geometric local stiffness matrices are given 
14 where is the elastic modulus of a tape element, b its thickness, w its width, ∆ its length
15
(corresponding to the discretization length), its elongation and 1 and 2 the components of the 
6
On the other hand, the interface bonds act on one node each (i). For a linear elastic traction-7 separation law, the contribution of an interface bond to the stiffness matrix is given by:
10 where is the stiffness of an interface bond. Its contribution to the internal force vector thus 11 becomes:
The external force vector contains the components of the external load acting on the system.
2
Once all contributions are assembled into the linear system, mechanical equilibrium is obtained by 3 updating the nodal displacement according to the following iterative scheme:
6
The 2-norm of the residual ‖ − − ‖ is used as convergence criterion. 
